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Introduction of a T-A or pyrimidine-purine step into a straight and rigid
A-tract can cause a positive roll deformation that kinks the DNA helix at
that step. In CCTTTAAAGG, the central T-A step has an 8.6 � bend
toward the major groove. We report the structural analysis of
CCTTTAAAGG and a comparison with 25 other representative crystal
structures from the NDB containing at least four consecutive A or T
bases. On average, more local bending occurs at the disruptive T-A step
(8.21 �) than at an A-T step (5.71 �). In addition, A-tracts containing an A-
T step are more bent than are pure A-tracts, and hence A-A and A-T
steps are not equivalent. All T-A steps examined exhibit positive roll,
bending towards the major groove, while A-T steps display negative roll
and bend slightly towards the minor groove. This illustrates how
inherent negative and positive roll are, respectively, at A-T and T-A steps
within A-tracts. T-A steps are more deformable, showing larger and
more variable deformations of minor groove width, rise, cup, twist, and
buckle. Standard deviations of twist, rise, and cup for T-A steps are
6.66 �, 0.55 AÊ , and 15.90 �, versus 2.28 �, 0.21 AÊ , and 2.99 � for A-T steps.
Packing constraints determine which local values of these helical par-
ameters an individual T-A step will adopt. For instance, with
CCTTTAAAGG and three isomorphous structures, CGATTAATCG,
CGATATATCG, and CGATCGATCG, crystal packing forces lead to a
series of correlated changes: widened minor groove, large slide, low
twist, and large rise. The difference in helical parameters between A-T
steps lying within A-tracts, versus A-T steps within alternating AT
sequences, demonstrates the importance of neighboring steps on the con-
formation of a given dinucleotide step.
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Introduction

Understanding A-tracts is critical to deciphering
interactions of DNA with proteins and drugs
because A-A steps are the most prevalent of all
dinucleotide steps in protein-DNA complexes.
Moreover, fully one-third of the dinucleotides in
structures published before 1998 are AA, AT, or T-
A steps.1 Previous crystal structures of native DNA
and DNA/protein complexes have shown that A-
tracts containing at least four consecutive As or Ts,
without a disruptive T-A step, are relatively
straight and rigid with a deep and narrow minor
ing author:
groove and very small roll and slide
deformations.2 ± 10 Pure A-tracts are resistant to roll
bending because the base-pairs are highly propel-
ler-twisted and interlocked by hydrogen bonds. An
A-tract containing an A-T step also is straight
because the thymine methyl group clashes steri-
cally with the sugar/phospate backbone, blocking
roll compression towards the major groove and
inducing large propeller twist angles.11

A pyrimidine-purine (YR) step is more suscep-
tible to bending deformation than a purine-pyrimi-
dine (RY) step because it has a smaller amount of
base-pair overlap.9,10,12 (See Figures 6.4-6.6 of
Dickerson13). But, although a YR step is inherently
more bendable, it is not necessarily bent; its confor-
mation depends on its local environment.14 Hence,
# 2001 Academic Press



1038 Bending and Deformability of a T-A Step
the central T3A3 of our helix is expected to be
intrinsically bendable. The largest component of
bending in B-DNA has been shown to occur by
rolling adjacent base-pairs over one another along
their long axes, usually in a direction that com-
presses the wide major groove (positive roll).9,14

Tilt has little effect on bending because of the high
energetic costs needed to lift apart stacked bases at
one end.15

YR steps are the most deformable of all dinu-
cleotide pairs16 and can adopt large roll, twist and
slide values. The large roll deformations that can
occur at T-A steps can facilitate bending of the
helix axis, and hence these steps are usually chosen
as natural fracture points by DNA-bending pro-
teins such as catabolite activator protein and Trp
repressor.9 ± 10 YR steps are the most deformable
steps in DNA/protein complexes in general, allow-
ing the DNA to wrap around the surface of the
protein.16 These bending properties of native A-
tracts may explain why proteins usually choose
pyrimidine-purine steps as the locus of bending,
and involve A-tracts near that locus.9,10,14,17,18

Moreover, studying the sequence-structure
relationship of dinucleotide steps within A-tracts
can reveal how sequence in¯uences the deform-
Table 1. Representative structures relevant to A-tract bendin

NDB code Sequence
Space
group

Cell
dimen.

A. TA sequences
Bd0051 CCTTTAAAGG P212121 36 39 33
Bdj031 CGATTAATCG P212121 39 39 33
Bdj055 CCATTAATGG P3221 33 33 96
Bdl059 CGCGTTAACGCG P212121 26 41 67

B. AT sequences
Bdl038 CGCAAATTTGCG P212121 25 41 66
Bdj069 CGCAATTGCG C2 64 25 38
Udj031 I212121 27 39 54
Bd0014 CGCGAATTCGCG R3 41 41 100
Bd0032 P3212 26 26 99
Bd0041 P212121 26 41 67
Bdl001 P212121 25 40 66
Bd0006 GGCCAATTGG P212121 26 36 53
Bd0016 GCGAATTCG P212121 22 37 53
Bd0018 GCGAATTCGCG H3 39 39 99
Bd0019 GGCGAATTCGCG R3 42 42 100
Bdl029 CGTGAATTCACG P212121 25 41 66

C. Pure A-tracts
Bdl006 CGCAAAAAAGCG P212121 25 41 66
Bdl015 CGCAAAAATGCG P212121 25 40 66
Bdl021 CGCGAAAACGCG P212121 26 44 67
Bdl047 CGCGAAAAAACG P21212 45 66 43

D. Alternating at sequences
Bdj036 CGATATATCG P212121 39 40 34
Bdj037 P212121 39 40 34
Bdl007 CGCATATATGCG P212121 24 39 67
Bdl078 CGCGATATCGCG P212121 24 39 66

E. Structure isomorphous with T3A3

Bdj025 CGATCGATCG P212121 39 40 33

This Table lists 25 crystal structures with two different cations in
available of the same base sequence with the same cations in the
selected here. The decamer solved in this study is in bold face in the
ability of DNA, and can lead to an understanding
of DNA interactions with proteins and drugs, and
in nucleosomes.

To these ends, we report the structure of the
newly solved DNA decamer CCTTTAAAGG, and
examine bending at T-A and A-T within A-tracts
of CCTTTAAAGG and 25 previously solved native
DNA structures, all of which contain at least four
A or T bases at the center2,4,6,12,19 ± 36 (Table 1). A
database approach gives an indication of the con-
formational ¯exibility of each base step and the
effects of sequence versus crystal packing on bend-
ing parameters. A given structure provides a snap-
shot of one possible conformation compatible with
the sequence-speci®c stacking requirements, the
geometric constraints of the DNA, and the crystal
packing.37 The same sequence can contort in differ-
ent ways, and crystal packing can in¯uence which
of these conformations it will adopt in a particular
case. Thus, analyzing the structures in multiple
crystallization environments makes it possible to
determine the relative in¯uences of base sequence
and crystallization effects38 when studying DNA
bending.

The use of local rather than global parameters
emphasizes sequence-speci®c base-stacking inter-
g

Salt Res (AÊ ) Reference

Mg 1.6 This work
Mg 1.5 Quintana et al.12

Mg 2.3 Goodsell et al.19

Mg 2.3 Balendiran et al.20

Mg 2.2 Edwards et al.4

Mg 2.3 Wood et al.21

Mg 2.5 Spink et al.22

Ca 1.4 Liu et al.23

K, Ba 1.8 Johansson et al.24

Mg 1.2 Sines et al.25

Mg 1.9 Drew et al.26

Mg 1.2 Vlieghe et al.27

Mg 0.9 Soler-Lopez et al.28

Ca 1.3 Minasov et al.29

Ca 1.7 Minasov et al.29

Mg 2.5 Larsen et al.30

Mg 2.5 Nelson et al.2

Mg 2.6 DiGabriele et al.6

Mg 3.0 Aymani et al.31

Mg 2.3 DiGabriele & Steitz32

Ca 1.7 Yuan et al.33

Mg 2.0 Yuan et al.33

Mg 2.2 Yoon et al.34

Mg 2.2 Shatzky-Schwartz et al.35

Mg 1.5 Grzeskowiak et al.36

13 crystal packing environments. Where several examples are
same space group, only the structure of highest resolution is
®rst row of the Table.



Bending and Deformability of a T-A Step 1039
actions rather than external crystal packing for-
ces.7,38 Bending behavior observed in these 25
structures is relevant to protein/DNA complexes
because, as has been noted before,9 the local DNA
environment in the crystal is a better model for a
DNA/protein complex than is an isolated DNA
molecule in solution. The fact that bending trends
observed in crystalline protein/DNA complexes
are determined largely by the bound protein rather
than by crystal packing,37 gives credence to the
idea that one can get past crystal packing to dis-
cover innate sequence-structure relationships.
Because ¯anking sequences have a large in¯uence
on base step geometry,39 it is important to under-
stand whether a T-A step behaves similarly when
it lies within A-tracts versus random sequences.
That is, how do A-tracts in¯uence T-A and A-T
steps?

Here, the terms T-A, A-T, pure A-tract and alter-
nating A-T tract will refer to decamer or dodeca-
mers whose central four base-pairs are TTAA,
AATT, AAAA and ATAT, respectively. Unless
stated otherwise, only free DNA is considered,
not DNA complexes with proteins, drugs, or other
molecules.

Results

Crystal packing

Packing forces undeniably in¯uence how a struc-
ture bends. Like most decamers with one helical
turn per molecule, each CCTTTAAAGG helix
(designated T3A3) is stacked end-on-end as a pseu-
do-continuous helix with an average of 9.44 resi-
dues per helical turn (Figure 1(a)). The step
between two stacked helices can be considered a
normal base step despite the lack of phosphate
backbone connecting the two base-pairs. The main
contacts of a given helix with its neighbors are
between terminal base-pairs within one stack
(Figure 1(b)). Because the helices pack parallel with
one another, some lateral inter-helical contacts
occur along the sugar/phosphate backbone,
whereas the only base-base contacts occur between
bases T4 and A16. (Strand 1 contains bases C1
through G10, and strand 2 contains C11 through
G20, both in a 50-to-30 direction.) This packing is
seen also in CGATTAATCG12 and
CGATATATCG,33 which are isomorphous with
T3A3. Three interstrand bifurcated hydrogen bonds
form across the minor groove. They occur between
O-2 of T3 and N-2 of G19, between N-2 of G9 and
O-2 of T13, and between N-2 of G10 and O-2 of
C12.

Bending and helical parameters

Base-pair normal vectors are a convenient
graphic means of displaying bending behavior. As
diagrammed in Figure 3 of Dickerson,14 the normal
vector lies perpendicular to the best mean plane
through all atoms of a base-pair. As the helix
bends, this normal vector changes orientation. It is
a useful gauge of helix bending because the base-
pairs in B-DNA are effectively perpendicular to the
helix axis. The angle between successive base-pair
normal vectors, or VALL,13 reveals that a bend of
8.6 � occurs at base step T5-A6, while those of the
surrounding steps cluster around 2.0 � (Figure 2(a)).
This 8.6 � bend is entirely ascribable to roll
(Figure 2(b)); the tilt component is negligible. Roll
also is the primary mode of DNA bending in other
crystal structures, and is especially important for
bending of DNA around proteins.9,15,37 A plot of
base-pair normal vectors (Figure 2(c)) shows the
8.56 � bend at the central T-A step. The helix is sep-
arated into two segments with a large change in
direction at the T-A step. The ®rst segment, con-
sisting of C1 through T5, writhes gently toward
the upper left-hand corner of the plot as depicted
by the ®rst red arrow. After a large change in
direction at the central T5-A6 step (second red
arrow), the ®nal segment consisting of A6 through
G10 writhes gently towards the bottom of the plot
(third red arrow). A large positive roll widens the
minor groove as it compresses the major groove.
The minor groove is narrow near the ends of the
duplex and widens gradually to 7.9 AÊ at the
T5:A16 base-pair.

Geometric restrictions of the sugar/phosphate
backbone and steric restraints cause rise, slide, cup,
and twist to change along with roll.39,40 Yanagi
et al.39 considered this correlation and found it use-
ful to de®ne a quantity called the pro®le sum:

Profile sum � �oÿ 36� ÿ 16:24�Dz ÿ 3:36�
� 0:744wÿ 0:703r

where o is twist, Dz is rise along the helix axis, w is
cup and r is roll. The pro®le sum correlations, as
Yanagi et al. observed, arise mainly from ®nite con-
straints of backbone chain length between bases.
The stretching of backbone chain that arises from
large twist at high twist pro®le (HTP) steps is
relieved by keeping the base-pairs close to one
another (Dz), bringing the ends closer via positive
cup (w), and avoiding excessive roll (r). Conver-
sely, a small twist angle provides slack in the back-
bone chain that permits the other variables more
freedom. The central T-A step of T3A3 has a low
twist pro®le (LTP; pro®le sum 4 ÿ 10), with posi-
tive roll, low twist, high rise, and negative cup
(Table 2, line 1). Base pairs surrounding the T-A
step, however, have an HTP (pro®le sum 5 10),
with negative roll, high twist, low rise, and posi-
tive cup. This same pro®le behavior for the central
and surrounding steps has been observed in
CGATTAATCG and CGATATATCG, which also
have a widened minor groove at the central four
base steps. T-A steps, in general, display variable
pro®le sums,12 so it is not surprising that this cen-
tral T-A step disrupting the A-tract is underwound
compared with neighboring steps when, on aver-
age, a T-A step in general is overwound.40



Figure 1. Crystal packing of T3A3 and inter-helical contacts. (a) A MOLSCRIPT56 stereo plot demonstrates that the
DNA decamers are stacked end-on-end along the a axis to form pseudo-continuous helices, which are packed against
each other along the b and c axes. The six neighboring helices surrounding the main red helix show the 21 screw axis
along the a direction. The major groove of the central helix opens towards the viewer at the center. Notice that the
step between helices is almost indistinguishable from internal helix steps. Water molecules are omitted for clarity. (b)
Inter-helical contacts of 3.8 AÊ or less between the central helix and neighboring symmetry-related helices are shown
as red lines in this MOLSCRIPT plot. The major groove again faces outward at the middle of the helix.
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Table 2. Helical parameters of the central base step

Central base step

NDB code Sequence Roll VALL Slide Twist Rise Cup

A. TA sequences
Bd0051 CCTTTAAAGG 8.57 8.56 0.77 27.73 3.92 ÿ14.39
Bdj031 CGATTAATCG 9.11 9.12 0.53 31.10 3.97 ÿ10.59
Bdj055 CCATTAATGG 8.51 8.57 ÿ0.04 38.42 3.10 12.98
Bdl059 CGCGTTAACGCG 5.66 6.57 0.17 42.30 2.90 16.60

Average 7.96 8.21 0.36 34.89 3.47 1.15
Standard deviation 1.56 1.12 0.36 6.66 0.55 15.90

B. AT sequences
Bdl038 CGCAAATTTGCG ÿ2.83 2.93 ÿ0.63 29.52 3.31 3.39
Bdj069 CGCAATTGCG ÿ3.91 4.00 ÿ0.52 30.99 3.37 ÿ4.84
Udj031 ÿ9.74 9.70 ÿ0.05 36.75 2.90 ÿ4.58
Bd0014 CGCGAATTCGCG ÿ8.24 8.23 ÿ0.48 35.95 3.09 ÿ1.43
Bd0032 ÿ5.65 5.64 ÿ0.81 35.05 2.55 ÿ0.21
Bd0041 ÿ4.87 4.87 ÿ0.57 33.32 3.18 1.56
Bdl001 ÿ6.06 6.26 ÿ0.06 31.82 3.12 1.12
Bd0006a GGCCAATTGG ÿ6.02 6.10 ÿ0.41 31.16 3.27 ÿ1.02
Bd0016a GCGAATTCG ÿ3.12 3.17 ÿ0.53 30.89 3.13 4.25
Bd0018 GCGAATTCGCG ÿ6.77 6.76 ÿ0.53 34.05 3.02 2.71
Bd0019 GGCGAATTCGCG ÿ5.68 5.75 ÿ0.53 34.99 3.04 ÿ2.70
Bdl029 ÿ4.98 5.13 ÿ0.49 32.82 3.10 1.62

Average ÿ5.66 5.71 ÿ0.47 33.11 3.09 ÿ0.01
Standard deviation 1.99 1.95 0.22 2.28 0.21 2.99

C. Pure A-tracts
Bdl006a CGCAAAAAAGCG 1.45 1.64 ÿ0.74 38.67 3.02 12.89
Bdl015a CGCAAAAATGCG 3.03 3.18 ÿ0.52 36.35 3.28 ÿ0.03
Bdl021 CGCGAAAACGCG ÿ1.82 7.12 ÿ2.22 34.27 3.22 2.36
Bdl047a CGCGAAAAAACG 0.92 1.30 ÿ0.54 34.93 2.92 ÿ3.96

Average 0.90 3.31 ÿ1.01 36.06 3.11 2.82
Standard deviation 2.02 2.67 0.82 1.95 0.17 7.20

D. Alternating at sequences
Bdj036 CGATATATCG 5.27 5.35 0.04 25.05 3.88 ÿ5.99
Bdj037 6.42 6.42 ÿ0.09 24.55 3.87 ÿ7.02
Bdl007 CGCATATATGCG ÿ0.34 0.56 ÿ0.57 28.76 3.64 ÿ11.53
Bdl078 CGCGATATCGCG 6.52 6.64 ÿ0.87 34.86 3.16 11.62

Average 4.47 4.74 ÿ0.37 28.31 3.64 ÿ3.23
Standard deviation 3.25 2.84 0.42 4.76 0.34 10.19

E. Structure isomorphous with T3A3

Bdj025 CGATCGATCTG 8.47 8.46 0.60 29.25 4.07 ÿ4.42

a These sequences had multiple structures, but only the parameters for the ®rst structure are listed here.
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Hydration of the minor groove and cations

In T3A3, a zigzag spine of hydration similar to
that ®rst observed in the Drew dodecamer26 is
interrupted at the central base step (Figure 3).
Water molecules of the ®rst shell (larger red
spheres) hydrogen bond to O-2 of pyrimidines and
N-3 of purines. Water molecules of the second
shell (smaller red spheres) hydrogen bond to the
®rst-shell water molecules, creating the zigzag pat-
tern. Magnesium ion complexes Mg1 and Mg3 dis-
rupt this spine of hydration at either end of the
decamer, so that two water molecules of the ®rst
hydration layer become coordinated to the mag-
nesium ion, which replaces the water molecule of
the second hydration shell.

The central magnesium ion (Mg2) sits within a
widened minor groove, with two of its coordinated
water molecules interacting with T5 O-2 and A17
N-3, just as had been found with the isomorphous
CGATTAATCG.12 As with that structure, this
same magnesium complex bridges across to two
backbone phosphate groups of a neighboring helix,
and hence the speci®c location of the complex
along the minor groove probably is to be ascribed
to crystal packing. The last magnesium ion (Mg4)
lies in the major groove and contacts G19 O-6 as
well as A18 N-6 and A18 N-7.

Even without any disruption by magnesium
complexes, water molecules no longer form a zig-
zag spine when the minor groove widens. The
water molecules contacting the T-A step (Wat1 and
Wat2), reside side-by-side instead of vertically, to
allow the spine of hydration to bridge the widest
part of the minor groove. This double bridge or
double row of water molecules seen only at the
T-A step in T3A3 was encountered along the entire
wide minor groove region of CCAACGTTGG.41

Disruption of the spine of hydration at the T-A
step is expected from theoretical calculations.42

Doubling of the spine within this region allows
each water molecule to contact only one strand,



Figure 2. Bending of T3A3: VALL, roll, and base-pair
normals. (a) Plot of the angle between successive base-
pairs (VALL) demonstrates the large bend at the T-A
step of T3A3. (b) This bend at the central T-A step is
mostly because of positive roll, which compresses the
minor groove. (c) The bend also is evident in a plot of
base-pair normals. In such a plot, all the vectors perpen-
dicular to individual base-pairs are brought to a com-
mon origin and viewed along the overall helix axis.
Each labeled point in the plot marks the tip of one vec-
tor. Bending is evidenced by migration of these points
across the diagram. Red arrows indicate the direction of
overall bend for each segment of the helix. (For further
explanatory diagrams of normal vectors, see Figures 3, 8
and 14 of Dickerson,14 or Figure 4 of Dickerson &
Chiu.10)
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whereas in A-tracts or any other narrow minor
groove region the spine interacts with both
strands.42

Sugar pucker

The central magnesium ion (Mg2) may also
in¯uence sugar pucker. All of the sugars except
that of A17 fall within the normal B-DNA conti-
nuum centered on the C20-endo sugar confor-
mation. The sugar moiety of A17, however, has a
C30-endo conformation usually observed only in
RNA. Its pseudorotation dihedral angle is 13.4 �
compared to 103 �-144 � for the other sugars. Crys-
tal packing forces cause this anomaly. Structures
isomorphous with T3A3, CGATTAATCG, CGATA-
TATCG, and CGATCGATCG, have the same con-
formation at base A17 regardless of sequence
because of their similar crystal packing. The A17
sugar of CGATTAATCG, for example, has a pseu-
dorotation angle of 18.9 � compared to 110 �-184 �
for the other sugars. The A17 sugar in CGATA-
TATCG has a pseudorotation angle of 48.2 � and
50.5 � in the presence of Ca2� and Mg2�, respect-
ively, whereas the corresponding values for its
other sugars are 118 �-197 � and 94 �-206 �. Simi-
larly, the A17 sugar of CGATCGATCG has a psue-
dorotation angle of 36.1 �, while its other sugar
moieties range from 107 � to 180 �. In these struc-
tures, sugar 17 has close contacts with the sugar/
phosphate backbone of residue 3 from a neighbor-
ing helix, and with a cation in the minor groove.
These contacts are most likely the cause of this
switch from a DNA to a C30-endo RNA sugar puck-
er, as was surmised by Quintana et al.12

Discussion

The 25 crystal representative structures contain-
ing A-tracts listed in Table 1 include 13 different
crystal packing environments and two different
divalent cations. Monovalent cations are not con-
sidered in this study because they have minimal
in¯uence on the structure of B-form DNA.43 How-
ever, structures with different crystal packing are
included in this study in order to reveal the range
of possible conformations for a given dinucleotide
step.

Bending via roll

Only the local bend is discussed below. Bending
caused by a particular step in oligomers is not por-
trayed accurately by global bending, because a
bend at a given step can be negated by other
bends within the structure. In addition, the overall
bend often is an artifact of crystal packing, while
local structural features are more likely to be
caused by sequence rather than the crystal lattice.6

Local bending can be quanti®ed with VALL, which
represents the angle between successive base-pair
normals. The average VALL values for central
steps of the T-A, A-T, and A-A structures are 8.2 �,



Figure 3. T3A3 minor groove hydration pattern. MOLSCRIPT stereo drawings depict a single zigzagged spine of
hydration interrupted at the central T-A step. The minor groove is facing outward. Water molecules of the ®rst and
second hydration layer are depicted as large and small red spheres, respectively. The four octahedrally coordinated
magnesium complexes of the asymmetric unit are in blue. On the back side of the molecule as drawn here, the central
carbonyl oxygen atoms of T5 and T15 accept hydrogen bonds from a tetrahedrally coordinated major groove water
molecule (C1OÐW distances, 2.57 AÊ and 2.59 AÊ for T5 and T15, respectively), exactly as is seen in the familiar
spine of hydration along the minor groove.
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5.7 �, and 3.3 � (Table 2), respectively, indicating
that a T-A step within an A-tract is inherently
more bent than are A-T and A-A steps in a com-
parable environment, as expected. Although T-A
steps tend to be more bendable, four A-T steps
show a larger bend than these central T-A steps
because of packing constraints. This distortion of
the A-T sequences may skew the apparent differ-
ence in bending between the two kinds of steps,
but the size of the database for the A-T sequences
should be large enough to overcome this potential
problem.

As in T3A3, bending is seen to occur almost
exclusively via rolling, because the absolute value
of roll is approximately the same as the VALL
values, whereas tilt is negligible (Table 2). Average
roll values for the central T-A, A-T and A-A steps
are 8.0 �, ÿ5.7 � and 0.9 �, respectively, (notice the
similarity to the average VALL values), indicating
that roll-associated bending occurs at T-A and A-T
steps but not within pure A-tracts. Although A-
tract and A-T step sequences have often been con-
sidered to be equivalent, many of their local par-
ameters are drastically different, so the remainder
of this analysis will focus mainly on A-T and T-A
step sequences. The tendency of RY steps to have a
small negative roll and Y-R to have a large positive
roll was observed previously26,44 and was pre-
dicted by theoretical free energy calculations.45 No
exceptions to this trend occur, even though struc-
tures have different packing, cations, and sequence
(Table 1), showing how strongly T-A and A-T
steps in an A-tract favor positive and negative roll
values, respectively.

Although the difference in intrinsic bending is
slight, T-A and A-T steps bend the DNA in a
different manner. T-A steps bends DNA toward
the major groove, while A-T steps bend DNA
toward the minor groove. The same behavior is
observed in DNA bound to proteins and drugs.8

For example, catabolite activator protein bends
DNA toward the major groove at T-A steps but in
the opposite direction at A-T and A-A/T-T steps.46

Bending towards the minor groove is more costly
because of the narrow groove width and physical
constraints of the sugar/phosphate backbone. This
considerable energetic difference between bending
towards the major versus minor groove may be the
reason why proteins prefer T-A steps to A-T steps
in bending DNA.



Figure 4. Minor groove width of T-A sequences and
their isomorphous structures. The minor groove width
was calculated by CURVES.55 (a) The four TA structures
vary in minor groove width depending on crystal pack-
ing. (b) CCTTTAAAGG, CGATTAATCG, and their iso-
morphous P212121 decamers have a widened minor
groove at the center. But CGATCGATCG, which has no
A-tract, shows that packing can lead to a widened
minor groove even without an A-tract. (c) The minor
groove of CGCGTTAACGCG and its isomorphous
P212121 dodecamers have very similar minor groove
widths.
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Deformability of T-A versus A-T steps and their
helical parameters

It has been hypothesized that T-A steps are
much more deformable than most dinucleotide
steps because of the lack of base stacking inter-
actions. These stacking inteactions have been noted
many times, and are particularly well illustrated in
Figures 6.4-6.6 of Kravilis.56 Analysis of the base
steps within 60 naked DNA oligomers44 showed
that T-A steps, with their large spread of helical
twist, roll, and slide, are loose or continuously ¯ex-
ible, while AA/TT and A-T steps are the most
rigid of all the dinucleotide base steps, with helical
parameters that cluster around one conformation.
Bases are considered deformable when they have a
large conformational range of helical parameters.37

In this study, the difference in deformability
between T-A and A-T steps within A-tracts is most
striking with cup, which has the largest difference
in standard deviation from 15.90 � for T-A steps to
2.99 � for A-T steps (Table 2). The T-A structures
always have a larger magnitude of cup at the cen-
tral step between 10.5 � and 17 �, compared to 0 �
and 8 � for A-T steps, even though some of the A-T
structures show a larger magnitude of roll. By de®-
nition, cup is the change in buckle between two
successive base-pairs, and hence buckle also
demonstrates a large deformability of T-A steps.
The deformability of cup in T-A steps most prob-
ably derives precisely from the smaller stacking
overlap of base-pairs. Stacking overlap would tend
to keep the base-pairs ¯at.

The deformability of T-A steps can be seen with
minor groove width, which is most variable at T-A
steps (Figure 4). The minor groove width of T3A3

in CCTTTAAAGGG isomorphous structures varies
smoothly and is widest at the central step
(Figure 4(b)). However, two other T-A sequences,
which have different crystal packing environments
(Figure 4(a)) show a narrowing of the minor
groove instead. At ®rst, the narrow minor groove
seems contradictory to the large positive roll defor-
mation that compresses the major groove of these
sequences and thus should widen the minor
groove. But the internal mechanics of B-DNA
allow the minor groove to narrow by other means
besides bending (e.g. roll).47

The narrow minor groove width of
CGCGTTAACGCG is similar to those of the iso-
morphous CGCGAATTCGCG, CGCATATATGCG,
and CGCGATATCGCG (Table 1 and Figure 4(c)),
regardless of the sequence at the central step. Thus,
minor groove widths of T-A sequences are vari-
able, but more similar among crystal isomorphs.
This demonstrates that crystal packing has a large
in¯uence in determining minor groove width for
such a deformable step as T-A.

T-A steps also show an intrinsic deformability or
variety of helix parameter values with the variable
twist; both high and low twist values are encoun-
tered. The central T-A steps adopt twist values
both higher and lower than central A-T steps,



Figure 5. Deformability of TA sequences as demon-
strated by rise. (a) T3A3 and its four isomorphous
sequences show an increase in rise of ca 1.0 AÊ at the
central step. (b) The four TA sequences show a variety
of rise values at the central step, although they all bend
by 6.5 � to 9 �. Again, the rise values of the TA sequences
are more similar to their isomorphous sequences than to
each other. This demonstrates the ¯exibility of the T-A
step.
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which center around one twist conformation
(Table 2). T-A steps have a larger standard devi-
ation of twist, 6.66 �, compared to 2.28 � for the A-T
sequences (Table 2). On average, T-A steps have a
higher twist of 34.89 � compared to 33.11 � for A-T
steps. This trend is consistent with other B-DNA
structures40 and protein/DNA complexes.16

At the central step, sequences isomorphous with
T3A3 including CGATTAATCG have a low twist
pro®le and a wide minor groove, while other T-A
sequences, A-T sequences, and pure A-tracts have
an intermediate or high twist pro®le and a narrow
minor groove (Table 2). Because the minor groove
widens when the T-A step is underwound, minor
groove and twist are correlated.

Deformability of the T-A step is also seen with
rise, which for the T-A steps has a standard devi-
ation of 0.55 AÊ compared to 0.21 AÊ for A-T steps
(Table 2). Although rise does not vary as much as
other helical parameters, the difference could be
signi®cant because dinucleotide steps in the naked
DNA database44 have a rise of 3.4 AÊ over 70 % of
the time. For T3A3, CGATTAATCG and their iso-
morphous structures, the rise peaks to �4 AÊ at the
central step from �3 AÊ (Figure 5(a)). This large
increase in rise may accommodate the bending of
the central step, allowing the bases to avoid steric
clashes that would be caused by the large positive
roll of the step. This large increase in rise is not
seen with the other two T-A sequences
(Figure 5(b)), so perhaps overwinding relieves the
energetic cost of bending in these sequences by
twisting the ends of the cupped bases away from
one another. These T-A sequences have different
rise values, even though they all bend between
6.5 � and 9 �.

Because rise is measured with the sugar C-10
atoms located at the base-pair extremities, rise
values are affected by large cup deformations. A
large negative cup, like that in T3A3 and CGAT-
TAATCG, will give a deceptively large rise,
whereas a large positive cup as seen with CCAT-
TAATGG and CGCGTTAACGCG will give a
deceptively small rise.39,44 A-T steps do not have
large cup values, so their rise values are not as
deceptive.

Even though all the central T-A steps have a
high roll and a high roll usually corresponds to a
low slide,37,44 this analysis shows that T-A steps
can adopt low or high values of slide depending
on crystal packing. The central steps of T3A3 and
CGATTAATCG, which have a widened minor
groove and low helical twist, also have a larger
slide than any of the A-T sequences (Table 2). The
magnitude of slide of the other two T-A sequences
is closer to the A-T sequences. All central T-A steps
show an increase in slide from the previous step,
while the central A-T steps decrease (Table 2).
Because the average slide is 0.36 � for T-A steps
and ÿ0.47 � for A-T steps, they are sliding in differ-
ent directions, probably to accommodate positive
and negative roll. The standard deviations of slide
for T-A steps and A-T steps are 0.36 AÊ and 0.22 AÊ ,
closer than expected because of the small sample
size of the T-A sequences. When more T-A steps
were analyzed, a larger continuous range of slide
was seen and, in fact, slide was one of three par-
ameters used to determine the deformability of
dinucleotide steps.44,48 The neighboring sequence
affects slide more than any other parameter
because of constraints of the DNA backbone.49

Thus, the smaller range in slide may occur because
all the T-A steps lie within an A-tract and thus
have less variation than T-A steps within random
sequences with different neighbors.

The rigidity of the A-T and AA/TT steps may be
a result of the large propeller twisting at these
steps. The A-T steps, like pure A-tracts, are highly
propeller-twisted with average values of ÿ16.75 �
and ÿ17.19 � for the two base-pairs of the central
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A-T steps, while the T-A steps are not as propeller-
twisted with average values of ÿ15.71 � and
ÿ14.25 � (Table 2). R-R/Y-Y and R-Y steps have a
higher propensity for propeller twisting than Y-R
steps because they have no steric penalty to pro-
peller twisting, and this sequence-speci®c tendency
hinders the conformational stability of the dinu-
cleotide steps, making the A-A/Y-Y and A-T steps
more rigid.37 For instance, the less propeller
twisted bases are freer to slide past one another.
Thus, the highly propeller twisted A-T and A-A
steps have a negative slide averaging ÿ0.49,
whereas the less propeller twisted T-A steps have
an average slide of 0.36. This negative correlation
between slide and propeller twist was seen also
with T-A steps in random sequences.37

Comparing the four structures containing a
TTAA as the central base-pairs in three different
crystal packing environments has shown that T-A
steps cause the DNA to adopt different confor-
mations, which all demonstrate a positive roll but
have different behaviors in minor groove width,
slide, twist, and rise. T3A3 and CGATTAATCG (as
well as CGATATATCG), have a wide minor
groove, large slide, low twist, and a large rise, indi-
cating a correlation among these parameters. The
other two, however, have a narrow minor groove,
a small slide, a high twist, and a low rise.

Alternating A-T sequences have
variable conformations

The central A-T steps of the alternating A-T
sequences CGATATATCG, CGCATATATGCG,
and CGCGATATCGCG have conformations that
logically resemble an A-T step, a T-A step, or in-
between. For example, at the central step, they
bend approximately the same amount as the A-T
sequences but bend with a positive roll like the T-
A sequences. This different behavior of the A-T
steps within an alternating A-T context as opposed
to within an A-tract demonstrates the importance
of neighboring base steps. T-A steps are extremely
variable even in the same sequence context, while
A-T steps appear to center around one confor-
mation in the same context but vary between con-
texts. Proteins can recognize the contextual
difference as well. The preference for alternating
A-T/T-A steps at the beginning of the TATA box,
and for pure A-A steps at the end, have been pro-
posed to be important for determining binding
directionality of the universal transcription factor
TATA-binding-protein.50

Concluding remarks

By analyzing T-A steps only within A-tracts, this
study demonstrates that T-A steps are inherently
deformable, bendable, and variable, even within
the same sequence context. This variability is seen
despite the small sample size of T-A sequences.
This deformability is so inherent to T-A sequences
that the four T-A structures in three crystal packing
environments show more variation than the 23 A-T
structures in eight different environments. Even
larger ranges of helical parameters should be seen
when more crystal structures are solved.

In summary, the larger deformability of a T-A
step, compared to A-T and A-A steps, can be seen
by the large range of twist, rise, cup, and buckle as
well as different trends in minor groove width.
The standard deviations of twist, rise, and cup are
6.66 �, 0.55 AÊ , and 15.90 � for T-A steps compared
to 2.28 �, 0.21 AÊ , and 2.99 � for A-T steps, which are
more rigid. Although these parameters do not
cause bending within A-tracts, together they con-
tribute to the large roll angle of the T-A step.
Remember that the steric hindrances of the bases
and geometric constraints of the DNA backbone40

cause certain helical parameters to be correlated.
Despite the large variability of the other par-
ameters, T-A steps within A-tracts have a large
positive roll. The standard deviation of roll for T-A
steps, 1.56 �, is actually smaller than the standard
deviation of A-T steps, 1.99 �. Thus T-A steps
within A-tracts bend toward the major groove and
are highly deformable and variable, allowing them
(but not necessarily requiring them) to be natural
fracture points of the helix. A-T steps, in contrast,
bend slightly toward the minor groove and are
more rigid.

Materials and Methods

The structure of the decamer CCTTTAAAGG was
solved by molecular replacement using CNS,53 by rigidly
re®ning the position of a related decamer in an isomor-
phous cell.

Oligonucleotide synthesis, crystallization, and
data collection

The decamer was synthesized on an Eppendorf ECO-
SYN D300 synthesizer at a 5 mmol scale. Base-protecting
groups were removed by deprotecting with NH4OH at
55 �C for 16 hours. The DNA then was loaded onto a
50 g Dupont Nensorb reverse phase column that had
been pre-washed with 100 % MeOH and 0.1 M triethyl-
amine acetate (TEAA). This column was washed with
0.1 M TEAA, followed by 12 % (v/v) acetonitrile to
remove failure sequences. At this point, only full-length
DNA remained on the column because it is the only
species that still has a trityl group. To remove the trityl
group from the DNA, the column was washed with
0.5 % (v/v) tri¯uoroacetic acid (TFA), and the cleaved
trityl group and TFA were removed by washing with
0.1 M TEAA. The column then was washed with double-
distilled water (ddH2O) to remove the TEAA. Finally,
the DNA was eluted from the column with 35 % (v/v)
MeOH. The MeOH then was removed by rotovaping,
followed by lyophilization until the sample was dry. The
sample was stored at ÿ80 �C in ddH2O.

Crystals were obtained by sitting-drop vapor diffusion
at 4 �C in a nine-well plate. A crystallization droplet con-
taining 0.6 ml of 0.86 mM CCTTTAAAGG double helix,
0.35 mM spermine hydrochloride, 5.00 mM magnesium
acetate, and 12.5 % (v/v) 2-methyl-2,4-pentanediol
(MPD) was equilibrated against a reservoir of 20 %



Bending and Deformability of a T-A Step 1047
MPD. The MPD in the reservoir solution was incremen-
ted by 5 % every two weeks up to 30 %, at which point
crystals appeared. Diffraction data were collected on a
Rigaku RAXIS-IV image plate detector and processed
with the HKL package.51 Data collection statistics are
listed in Table 3.

Structure determination

The structure was solved by molecular replacement
using CGATATATCG (NDB bdj036) as a starting model
and incorporating the proper base substitutions in O.52

Approximately 10 % of the re¯ections were set aside ran-
domly for structure validation with the free-R test. Initial
rigid-body re®nement, incrementing from the whole
duplex, a single strand, two bodies per strand, and indi-
Table 3. Data collection, re®nement and ®nal model statistics

A. Data collection
Space group P212121

Unit cell dimensions (AÊ ) 35.558, 38.737, 32.508
Resolution range (AÊ ) 40.0-1.6
Number of observed reflections 65,685 (6263 unique)
Redundancy 10.5
Resolution minimum (AÊ ) Resolution maximum (AÊ )

40.0 2.74
2.74 2.17
2.17 1.90
1.90 1.72
1.72 1.60
All Reflections

B. Structure re®nement

Cycle Program Processes completed during

1 CNS Rigid body
2 Simulated anneal, group & individu
3 Simulated anneal, individual B-fact
4 Shelxl SWAT, HOPE, EXTI
5 FLAT, solvent addition
6 Optimize WGHT, DEFS, ISOR, SIM
7 Final model

C. Final model statistics

Resolution minimum (AÊ ) Resolution maximum (AÊ )

40.0 2.74
2.74 2.17
2.17 1.90
1.90 1.72
1.72 1.60
40.0 1.60

RMSD bonds (AÊ ) 0.013
RMSD angles (deg.) 2.32

Avg. B-fact
DNA 9.3�2
Solvent 18.9�7
Overall 11.8�6

Rsym � �hkl�ijIi ÿ hIij/�hkl�iIi, where Ii is the intensity of each sym
Rcryst, free � �hkljFobs ÿ Fcalcj/�hklFobs.
vidual residues, was carried out to 3 AÊ in CNS.53 Slow-
cool-simulated anneal, group temperature factor
re®nement, and individual temperature factor re®nement
were then performed to 2.5 AÊ . Re®nement continued
with two more rounds of slowcool-simulated anneal and
individual temperature factor re®nement adding all the
data to 1.6 AÊ . The ®rst water molecules and three mag-
nesium ions were modeled into the electron density
between those two rounds. High-resolution re®nement
was continued in Shelxl-97.54 After optimizing the
SWAT, HOPE, and EXTI parameters, one magnesium
ion and more water molecules were added to the model.
Magnesium complexes were restrained to be in octa-
hedral geometry, with bond length ca 2.1 AÊ . Solvent
atoms were added iteratively to the difference map
above 3.0 s and ®nally, WGHT, DEFS, ISOR, and SIMU
I/s Data completeness (%) Rsym (%)

36.71 99.0 6.3
25.03 100.0 8.4
18.79 99.8 12.9
16.25 99.2 18.3
11.17 98.0 26.8
26.22 99.2 8.4

stage Resolution (AÊ ) Rcryst (%) Rfree (%)

40-3.0 37.05 48.86
al B-factor 40-2.5 31.95 38.57

or 40-1.6 27.87 33.28
40-1.6 25.11 31.56
40-1.6 18.75 26.55

U 40-1.6 17.51 23.93
40-1.6 17.94 23.64

Rcryst (%) Rfree (%)

21.47 27.19
20.95 26.15
20.92 20.71
21.00 26.76
25.18 32.28
17.94 23.64

or (AÊ 2) No. atoms
.8 404
.9 137
.2 541

metry-related re¯ection and hIi is their average.
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parameters were optimized. Each session of re®nement
was preceded by model building in O. With each stage
of re®nement, Rcryst and Rfree decreased until they leveled
off at around 18 % and 24 %, respectively. The difference
between Rcryst and Rfree began at 11.8 % and decreased to
5.7 %. Re®nement statistics are given in Table 3. DNA
helical parameters were calculated with CURVES55 and
FREEHELIX97,14 and plotted with SHELXDNA.42

Data Bank accession numbers

The PDB and NDB accession numbers are 1IKK and
Bd0051, respectively.
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